The metabolic pathway of T-2 toxin in Curtobacterium sp. strain 114, one of the T-2 toxin-assimilating soil bacteria, was investigated by thin-layer and gas-liquid chromatographic analyses. T-2 toxin added to the basal medium as a single carbon and energy source was biotransformed into HT-2 toxin and an unknown metabolite. Infrared, mass spectrum, proton magnetic resonance, and other physicochemical analyses identified this new metabolite as T-2 triol. T-2 toxin was first deacetylated by the bacterium into HT-2 toxin, and this metabolite was then biotransformed into T-2 triol without formation of neosolaniol and T-2 tetraol. No trichothecenes remained in the culture medium after prolonged culture. Some properties of T-2 toxin-hydrolyzing enzymes were observed with whole cells, the cell-free soluble fraction, and the culture filtrate. Besides T-2 toxin, trichothecenes such as diacetoxyscirpenol, neosolaniol, nivalenol, and fusarenon-X were also assimilated by this bacterium.
T-2 toxin and related trichothecenes are potent cytotoxic and immunosuppressive mycotoxins produced by some species of Fusarium and other fungi (16) (17) (18) . Recent data revealed heavy contamination of cereal grains and feedstuffs with T-2 toxin, diacetoxyscirpenol, nivalenol, and deoxynivalenol (= vomitoxin) (2, 6, 7, 24) .
With an aim toward developing decontamination procedures for these trichothecene mycotoxins in our environment, we have isolated from soil 12 gram-positive and rod-shaped bacteria able to assimilate T-2 toxin as a single carbon and energy source. Morphological and chemotaxonomical approaches have clarified that strain 114-2, one of the potent T-2 toxin-assimilating bacteria, is Curtobacterium sp. (9) .
We investigated the metabolic pathway of T-2 toxin and other trichothecenes in this bacterium and analyzed some properties of the T-2 toxin degradation reaction. Part of this experiment has been reported in a preliminary form (9) .
MATERIALS AND METHODS Trichothecenes. T-2 toxin, diacetoxyscirpenol, and neosolaniol were isolated from culture filtrates of Fusarium sporotrichioides M-1-1 (1, 20) , and fusarenon-X was isolated from F. nivale Fn 2B (22) . HT-2 toxin was enzymatically prepared from T-2 toxin with fraction S-9 of rat liver (11) , and T-2 tetraol and nivalenol were chemically prepared from T-2 toxin and fusarenon-X, respectively, by alkaline hydrolysis followed by silica gel column chromatography.
Microorganisms. Curtobacterium sp. strain 114-2, isolated as a T-2 toxin-assimilating bacterium, was used in this experiment.
Culture. For analysis of the time course of T-2 toxin assimilation, the bacterium was cultured at 30°C in a basal medium (3) composed of the following: NH4NO3, 4 .0 g; KH2PO4, 1.5 g; Na2HPO4 12H20, 1.5 g; FeSO4 -7H20, 0.001 g; MgSO4 * 7H20, 0.2 g; CaCl2 * 2H20, 0.01 g; yeast extract, 0.5 g; and deionized water, 1 liter; with shaking. The initial pH was adjusted to 7.0. A 100-ml portion of the basal medium was added to 0.3% (wt/vol) T-2 toxin, into which a loopful of Curtobacterium sp. strain 114-2 cells grown on a nutrient agar slant at 30°C was inoculated. A 10-ml amount of the culture medium was withdrawn aseptically 0, 1, 3, and 5 days after culture, and the pH and optical density at 600 nm were estimated. The content of trichothecene metabolites in ethyl acetate extracts was analyzed by thin-layer chromatography (TLC) and gas-liquid chromatography (GLC) as described below.
For observation of the T-2 toxin degradation reaction, the bacterium was precultured in enriched medium composed of 10 g of yeast extract, 10 g of peptone, 2.5 g of NaCl, and 1 liter of deionized water (pH 7.0) at 30°C overnight with shaking. The culture medium was then transferred to a fresh medium in ratio of 1:10 and left to culture for the desired period.
Localization of T-2 toxin-degrading enzymes. To investigate the extra-and intracellular distributions of T-2 toxin-degrading enzymes, bacterial medium (30 ml) cultured overnight was centrifuged at 13,000 x g for 20 min, and the supernatant solution was added to 0.1 ml of 0.01 M T-2 toxin dissolved in ethanol and incubated at 30°C for the desired intervals. The metabolites were then extracted three times with 10 ml of ethyl acetate each time. For analysis of temperature dependency of the extracellular enzyme(s), the supernatant was incubated at 20, 30, or 40°C for 3 h.
Whole cells and their soluble fraction were prepared as follows: 2 liters of the enriched medium was inoculated into the bacterium and cultured at 30°C for 18 to 24 h with shaking up to an optical density at 600 nm of 1.6. After centrifugation at 13,000 x g for 20 min, the pellet was washed three times with 10 mM phosphate buffer (pH 7.4), suspended in the same buffer with the addition of 0.5% NaCI in a concentration up to 200 mg (wet weight)/ml, and used as the whole-cell fraction. Another batch of packed cells (25 g ), obtained by centrifugation of 2 liters of the culture at 25,000 x g for 15 min, was suspended in 25 ml of 10 mM phosphate buffer (pH 7.4) supplemented with 5% glycerol and 0.5 mM dithiothreitol. The cells were disrupted by sonication for 20 min in an ice bath, followed by centrifugation as above. The supernatant fraction is referred to as the soluble fraction of the cells. The whole cells (2 ml) were supplemented with 0.1 ml of 0.01 M T-2 toxin dissolved in ethanol and incubated for the desired periods of time at 30°C, and the metabolites were extracted three times with 3 ml of ethyl acetate each time. For the soluble fraction, 2.0 ml of 0.1 mM buffer and 0.1 ml of 0.01 M T-2 toxin dissolved in ethanol were mixed and incubated at 30°C for 90 min. Citrate buffer (pH 3.0 to 5.0), phosphate buffer (pH 6.0 to 8.0), and glycine-NaOHI buffer (pH 9.0 to 10.0) were used in studying the pH dependency of the T-2 toxin degradation reaction. The protein content was measured by the method of Lowry et al. (5) .
Determination of biological activity. Trichothecenes dissolved in olive oil were administered intraperitoneally to male mice (ddyS strain, 6 weeks old), and 50% lethal doses (milligrams per kilogram) were estimated according to the method of Litchfield and Wilcoxon (4) . The inhibitory effects on protein synthesis in rabbit reticulocytes (19) and on the protozoan TetrahyMena pyriformis GL (23) and the cytotoxicity to cultured V79 mammalian cells (10) were estimated by methods previously reported.
Chemical analysis of trichothecenes. In TLC analysis, three solvent systems were used: A, chloroformmethanol (95:5); B, chloroform-ethyl acetate-methanol (140:5:5); and C, ethylacetate-n-hexane (3:2). The trichothecenes were visualized by spraying with 20% H2SO4 followed by heating in an oven for 10 min at 110°C or by spraying with 4-(p-nitrobenzyl)pyridine and tetraethylene-pentamine (15) . In GLC analysis, the trichothecenes were silylated with reagent B, composed of N,O-bis(trimethylsilyl)acetamide-N-trimethylsilyl imidazole-trimethylchlorosilane (5:5:1).
GLC analysis was carried out with a Shimadzu gas chromatograph (model GC-4B) under the following conditions: coil Pyrex column (4 mm by 1.5 m) packed with 1.5% OV-17; operation temperatures of 280°C (injection) and 300°C (detection), with the column programmed at 180°C to 280°C at 5°C/min; and gas flow rates of 60 ml/min for nitrogen, 33.5 ml/min for hydrogen, and 1,000 ml/min for air (11) .
Instruments 
RESULTS
Biotransformation of T-2 toxin. Curtobacterium sp. strain 114-2 was cultured in basal medium supplemented with T-2 toxin for 7 days, and the metabolites in the ethyl acetate-extractable fractioti of the culture medium were analyzed by TLC and GLC. In GLC, these two metabolites gave peaks at retention times of 8.6 and 6.1 min, and the former peak coincided with that of HT-2 toxin; the peak at 6.1 min was not identical to those of known trichothecenes. TLC and GLC analyses indicated that T-2 toxin was transformed into HT-2 toxin and a new metabolite.
To characterize this new metabolite, mass culture of Curtobacterium sp. strain 114-2 was carried out for 5 days with 100 ml of the basal medium and 300 mg of T-2 toxin. The culture medium was extracted three times with 100 ml of ethyl acetate each time, and the extract was charged on a silica gel column (45 g; 2 by 50 cm), followed by elution with 250 ml of chloroformmethanol-ethyl acetate (140:10:5) and then 500 ml of chloroform-methanol-ethyl acetate In addition to HT-2 toxin and T-2 triol, neither neosolaniol nor T-2 tetraol was detected in the ethyl acetate extract of the culture.
Time course of T-2 toxin assimilation. Quantitative analysis of the ethyl acetatesoluble metabolites in the culture broth revealed ( Table 1 ) that T-2 toxin diminished to about half of the initial concentration 1 day after culture, and no T-2 toxin was detected 3 to 5 days thereafter. Concentrations of HT-2 toxin and T-2 triol were highest 1 and 3 days after culture, respectively, and no trichothecenes were detected 1 week after culture. GLC analysis of biotransformed metabolites revealed that T-2 toxin was at first deacetylated at C-4 to HT-2 toxin and then deacetylated at C-15 to give T-2 triol (Fig. 3) .
Cellular localization of T-2 toxin-metabolizing enzymes. To elucidate the metabolic process of the T-2 toxin assimilation reaction described above, T-2 toxin degradation was observed in whole cells, culture filtrate, and cell extracts. When T-2 toxin was incubated with the washed whole-cell suspension, the concentration of T-2 toxin decreased rapidly and disappeared from the incubation medium about 100 min after the beginning of incubation. There was an accumulation of HT-2 toxin 300 min after incubation, followed by an increase in the concentration of T-2 triol (Fig. 4) . These findings indicated that the whole cells catalyzed the deacetylation reaction of T-2 toxin. To investigate the requirement for metal ions, the hydrolytic reaction of T-2 toxin was studied in the presence or absence of Mn2' and Mg2> ions. Concentrations of 25 mM MnCl2 and 10 and 25 mM MgCl2 all accelerated the formation of T-2 triol and depressed the accumulation of HT-2 toxin (Table 2) .
To determine whether the T-2 toxin degradation reaction takes place in the cell-free system, the bacterium was cultured in peptone-yeast broth and the cells were sonicated in 10 mM phosphate buffer (pH 7.4) containing 5% glycerol and 0.5 mM dithiothreitol. T-2 toxin added to the soluble fraction of the bacterial cells was rapidly hydrolyzed to HT-2 toxin (Fig. 5) , and the hydrolyzing enzyme processing was maximal at pH 7.0 (Fig. 6 ). HT-2 toxin was also hydrolyzed to T-2 triol, but further biodegradation of T-2 triol was not demonstrated under our experimental conditions (data not shown).
With the culture filtrate, T-2 toxin was also deacetylated to HT-2 toxin. However, this activity was very unstable when the culture filtrate was stored at -20°C. Addition of 2 mM phenylmethylsulfonyl fluoride, an inhibitor of proteolytic enzymes, did not prevent the inactivation of esterase activity of the culture filtrate. The relative activities of T-2 toxin deacetylation at 20 and 40°C were 46 and 23%, respectively, of that observed at 30°C (data not shown).
Assimilation of other trichothecenes by Curtobacterium sp. strain 114-2. Since Curtobacterium sp. strain 114-2 was proven to assimilate T-2 toxin when added as a single source of carbon and energy as mentioned above, its ability to assimilate other trichothecene mycotoxins was analyzed. The bacterium was cultured in the basal medium at 30°C, and 0.2% (wt/vol) of various kinds of trichothecenes were added. The growth is shown in Fig. 7 . Trichothecenes such as diacetoxyscirpenol, neosolaniol, nivalenol, fusarenon-X, and T-2 triol supported the growth, and of the trichothecenes tested, T-2 toxin was found to give the highest increase of cell growth. Analysis of the culture broth by GLC at different periods of growth revealed that diacetoxyscirpenol, neosolaniol, and fusarenon-X gave scirpentriol, T-2 tetraol, and nivalenol, respectively (Table 3) .
Toxicity and biological activity of T-2 triol and related trichothecenes. Since T-2 triol was newly identified as an intermediate of the T-2 toxin biodegradation reaction, as mentioned above, its lethal toxicity and cytotoxicity were examined and compared with those of related trichothecenes. The 50% lethal dose of T-2 triol administered intraperitoneally to male mice was estimated to be 108 mg/kg (Table 4 ). The concentration strain 114-2 in basal medium and that the resulting T-2 triol is further assimilated by the bacterium without formation of neosolaniol and T-2 tetraol (Fig. 3 and 4) .
The biotransformation of T-2 toxin into HT-2 toxin was already demonstrated in our laboratory, by use of the microsomal carboxyesterase of rat liver (11, 12) , and by Yoshizawa et al. (27, 28) in trichothecene-producing fungal cells. However, transformation of HT-2 toxin into T-2 triol was not demonstrated in these mammalian and fungal preparations. Although Wei et al. (26) reported T-2 triol as a chemical degradation product of T-2 toxin, the present report is the first one to prove that T-2 triol is biotransformed from T-2 toxin. Such biotransformation of T-2 toxin was also observed in other T-2 toxinassimilating soil bacteria, such as Bacillus spp.
Enzymological approaches revealed that T-2 toxin-hydrolyzing enzymes are localized in both whole cells (Fig. 4) and the culture filtrate. The intracellular esterase(s), which is able to remove the acetyl groups at C-4 and C-15 of T-2 toxin, was solubilized from whole cells by sonication in the presence of glycerol and dithiothreitol (Fig.  5) . However, this soluble fraction was unable to biodegrade T-2 triol under the present experimental conditions. A possible explanation for this may be that the T-2 triol-hydrolyzing system is not solubilized from the cells or the in vitro reaction system used might be lacking in certain essential components.
As for the extracellular esterase(s), the activity was rapidly lost during storage of the culture filtrate at room temperature and even in a deep freezer at -20°C. To eliminate the possible inactivation of T-2 toxin esterases by a proteolytic process, we added phenylmethylsulfonyl fluoride, a potent inhibitor of protease, to the culture filtrate, but the enzyme activity was lost in the presence of this inhibitor. Therefore, our attempt to purify the T-2 toxin esterases from the culture filtrate did not succeed.
GLC and TLC analyses revealed two metabolites, HT-2 toxin and T-2 triol, in the ethyl acetate-soluble fraction of the incubation medium, and no other trichothecene compounds were detected ( 6 . pH dependency of T-2 toxin degradation in the soluble fraction of bacterial cells. The soluble fraction (1.9 ml) was supplemented with 2.0 ml of 100 mM buffers, and the mixtures were supplemented with 0.1 ml of 0.01 M T-2 toxin dissolved in ethanol. After incubation at 30°C for 90 min, the trichothecene content was determined by GLC. The buffers used were citrate-phosphate buffer (pH 3.0 to 5.0), phosphate buffer (pH 6.0 to 8.0), and glycine-NaOH buffer (pH 9.0 to 10.0). developing solvents and monitored with 4-(pnitrobenzyl)pyridine, a specific reagent for epoxides (15) . However, the presence of epoxidecontaining compounds was not demonstrated on TLC plates. Therefore, it is highly possible that Curtobacterium sp. strain 114-2 biodegrades the epoxide group of T-2 triol.
The bacterium is capable of biodegrading various kinds of trichothecenes (Fig. 7) , and an interesting finding was that nivalenol, which lacks acyl residues in its structure, supported bacterial growth. This evidence also supports an assumption that this bacterium possesses an ability to biodegrade the trichothecene nucleus.
Toxicological and biological properties of T-2 triol are summarized in Table 4 . The intraperitoneal 50% lethal dose of T-2 triol in male mice 23 and 13 times higher than those of T-2 and HT-2 toxins, respectively. The biological activity of T-2 triol, estimated by the inhibition of growth of cultured mammalian cells and of protein syntheses in a protozoan and in rabbit reticulocytes was 40 to 100 and 10 to 30 times lower than those of T-2 and HT-2 toxins, respectively, whereas no marked differences were observed in the activity of T-2 triol and T-2 tetraol. These data indicate the important role of the C-15 acetyl residue of T-2 toxin in its toxicological and biological characteristics. Since the trichothecene mycotoxins exhibit their mammalian cytotoxicity through binding to the 60S subunit of eucaryotic ribosomes (21, 25) , the low toxicity of T-2 triol may be explained by its low affinity to the ribosomal particles. It means that the acetyl residue at C-15 appears to have a great influence in the binding potential of trichothecenes.
According to Palti (13) , senescent plant tissues are particularly susceptible to invasion and colonization by species of Fusarium and serve as a substrate for the formation of trichothecene toxins. The trichothecenes have also been known to be potent phytotoxic compounds (18) . The (14) . Most of the trichothecenes used during such trials fall on the soil and would be ultimately degraded by soil bacteria.
